Investigation of major viruses responsible for acute viral gastroenteritis, such as norovirus (NoV), rotavirus species A (RVA) and human adenovirus (HAdV), was conducted in the mountainous region of the state of Rio de Janeiro in a lettuce-producing area. Irrigation water and lettuce samples were collected at different production stages. Viruses were concentrated using an adsorption-elution method and detected by quantitative polymerase chain reaction (qPCR). We detected HAdV in all collection points, although no virus infectivity was shown. The RVA was the most prevalent virus from both water (16.7% [10/60] respectively. Escherichia coli values also demonstrated poor quality of the irrigation and washing water. The presence of at least two different virus strains in all sites reveals the need to improve basic sanitation measures in order to increase food safety.
INTRODUCTION
For over 100 years, irrigation and fertilisation of food crops using water contaminated with faeces have played a major role in the transmission of enteric organisms such as viruses (Gerba and Choi 2006) . The potential of pathogenic organisms transferred from irrigation water to the surface of fresh produce, combined with their ability to survive in these unfavourable circumstances, offers conditions where consumers unknowingly face high risks of being infected with harmful organisms when consuming fresh produce (Britz and Sigge 2012) . There are several factors that contribute to food risks for consumers, including agricultural practices, poor hygiene at all stages of the food production chain, lack of preventive controls in food processing and preparation operations, contaminated water used for irrigation, inadequate or improper storage, etc. (WHO 2008) .
Focusing on public health and consumer protection, manuals such as Good Agricultural Practices, Good Manufacturing Practices and Hazard Analysis Critical Control Point describe procedures to be applied in the processing facilities (CFIA 2014) in order to prevent contamination of vegetables and fruits with microbial pathogens.
In developed countries, current agricultural production takes special care of food safety and quality, in addition to consumer awareness of food safety issues (FAO 2003) . However, in many parts of the world, agriculture still does not meet these standards; mainly in the case of organic agriculture, greater attention is needed, especially regarding hygiene procedures carried out in the production area (Chander et al. 2011) . Organic agriculture is a sustainable management system aimed at environmental preservation as well as increasing agrobiodiversity and the quality of human life (Seufert, Ramankutty and Foley 2012) ; however, some authors comment on its high risk and contamination by viruses, bacteria and fungi (Rembialkowska 2007; Schulert, Frangoul and Domm 2010; de Quadros Rodrigues et al. 2014; Marti and Barardi 2016) . Microbial pathogens associated with raw vegetables include Salmonella spp., Escherichia coli O157:H7, Listeria monocytogenes, Shigella spp., Norovirus (Norwalk-like viruses), hepatitis A virus and protozoan parasites such as Cryptosporidium (Hassanain et al. 2013) .
In this context, organic lettuce (Lactuca sativa) has been acknowledged as an important transmission source of enteric viruses, since it is traditionally eaten raw or receives minimal processing (Gerba and Choi 2006) . This study aims to assess the dissemination of major viruses responsible for acute gastroenteritis, such as the norovirus genogroup II (NoV GII), rotavirus species A (RVA) and human adenovirus (HAdV), in an organic lettuce production site located in the municipality of Petropolis, a mountainous region in Rio de Janeiro, Brazil, and the largest producer of organic agriculture in the state.
MATERIALS AND METHODS

Study site and sampling collection
This study was carried out in an organic production site located in the Brejal region, municipality of Petropolis, in the mountains of Rio de Janeiro, Brazil, characterised by a high-altitude tropical climate with milder and wet summers and moderately cold and dry winters. The average annual temperature is 19
• C, with an annual precipitation of 2400 mm (Petropolis 2012) . The lettuce production occupies a region of 30 000 m 2 , divided into two areas. In the first area, the seedlings are grown for a period of 20 to 30 days and subsequently transferred to another area located 2 km away for cultivation, harvesting, washing and packing for commercialisation. The average time of lettuce production is 60 days; different sources of water are used in each area (Fig. 1) . We collected 2 L of water and three samples of lettuce, including seedlings, at different production stages in two collection campaigns weekly in August 2010 and biweekly during May to August 2011, totalling 96 samples. Five water samples (W1-5) and three lettuce samples (L1-3) were collected in sites marked by Global Positioning System (eTREX Legend H, Garmin Ltd, Olathe, KS, USA) as follows: W1-seedling irrigation water; W2-catchment spring water; W3-dam water; W4-lettuce irrigation water; W5-lettuce wash water; L1-seedlings; L2-lettuces; L3-washed lettuce. 
Viral concentration methods
Water was processed for viral concentration using an adsorption-elution method with a negatively charged membrane as described previously by Katayama, Shimasaki and Ohgaki (2002) . For lettuce samples, 25 g were concentrated via the same method adapted for small volumes (∼120 mL), using a 0.45-μm negative charge membrane with a Stericup R filter (250 mL) (Nihon, Millipore, USA); ultrafiltration was performed with a Centriprep Concentrator R 50 (Nihon) to obtain a final volume of 2 mL (Fumian et al. 2009 ).
Virus detection and quantification
Nucleic acids were extracted using the QIAamp Viral RNA Mini Kit (Qiagen, Inc., Valencia, CA, USA), according to the manufacturer's instructions. For NoV GII and RVA, cDNA was obtained by reverse transcription using a random hexamer (PdN6, A260 units, Amersham Biosciences, Chalfont St Giles, Buckinghamshire, UK). Viruses were detected and quantified by quantitative polymerase chain reaction (qPCR), using primers and probes described previously (Table 1 ). The qPCR was performed using TaqMan Universal PCR Master Mix R (Applied Biosystems, CA, USA) in ABI 7500 R (Applied Biosystems, Singapore). For all qPCR protocols, positive, negative and non-template controls were included. Three separate rooms were used for all molecular procedures to avoid cross-contamination of samples.
HAdV infectivity
Infectivity assays using three cell lines were performed to determine HAdV infectivity. Confluent monolayers of adenocarcinomic human alveolar basal epithelial cells (A549), human embryonic kidney cells 293 (HEK 293) and human epithelial type 2 (HEp-2) used were separately prepared in 15-mL tubes (Corning R , Sigma-Aldrich, St. Louis, Missouri, USA) for the assay; 200 μL of each sample were inoculated and incubated for 60 min at 37 ± 2
• C, swinging every 15 min for virus adsorption.
Tubes were then filled with 1. . Inoculated cell tubes were monitored daily using optical microscopy. For each cell line, the inoculum was submitted to three passages with a 7-day incubation interval at 37
• C when monolayers were pipetted and subjected to three freeze/thaw cycles for cell lysis and viral release for inoculation. After 21 days, the cell culture was processed for qPCR (Table 1) . Human adenovirus 35 (HAdV 35), kindly donated by Dr Annika Allard, Umea University, Sweden, and DMEM and MEM were used as positive and negative controls, respectively. They were processed under the same conditions as the field samples.
Internal process control
Bacteriophage PP7 was spiked in 24 water samples as internal process control (IPC). The PP7 was kindly provided by Dr. Verónica Rajal (Salta University, Argentina) and was produced by cultivation in the host Pseudomonas aeruginosa (ATCC 15692) (Rajal et al. 2007 ).
Microbiological and physicochemical parameters
To assess water quality, total coliforms and Escherichia coli were quantified by Colilert R Quanti-Tray R /2000 (IDEXX Laboratories, Inc., Westbrook, ME, USA). Results were reported as most probable number per 100 mL (MPN 100 mL -1 ). The Brazilian regulation specifies a maximum of 200 MPN 100 mL -1 of E. coli for irrigation water (Brasil 2005) . Water temperature ( • C), pH, turbidity (in nephelometric turbidity units, NTU) and conductivity (μS cm -1 ) were measured in all samples at the time of collection using a Water Quality Checker U-10 (Horiba, Ltd, Irvine, CA, USA).
RESULTS
From a total of 96 samples, viruses were detected in 35% (21/60) and 30% (11/36) of water and lettuce samples, respectively. At least two distinct viral agents were detected in all collection points (water and lettuces), with concentrations ranging from 1 log10 (observed only for NoV GII) to 2-3 log10 genomic copies per litre (gc L -1 ), except lettuce, where RVA concentration reached 1.30 × 10 4 gc 25 g -1 (Tables 2 and 3) . Bacteriophage PP7 was recovered in 86.7% of the analysed water samples. A total of 11 HAdV-positive samples by qPCR were inoculated to attempt viral isolation in the three cell lines described. After three consecutive passages of 7 days, qPCR was carried out in paired samples (initial concentrates and cultures); there was no reduction in Cts values, revealing no virus replication. Table 4 presents the results of characterisation of microbiological quality and physicochemical parameters of water samples. Escherichia coli was detected at all points. However, at W1, the value exceeded the 200 MPN mL -1 limit used as a criterion for the quality of irrigation water. At this site, water also presented a higher conductivity value when compared to the other sites. Figure 2 presents the microbiological results obtained in samples of water used for irrigation and washing, evidencing that the presence of viruses in waters did not exceed the values established by the Brazilian resolution act.
DISCUSSION
This study investigated the presence of NoV GII, RVA and HAdV (considered as indicators of human faecal contamination) in order to demonstrate the environmental contamination in an organic lettuce production located in an important agricultural zone of Rio de Janeiro, Brazil. Viral dissemination was observed in all water samples used throughout the entire production chain, regardless of the different sources (seedlings and lettuces). The poor quality of the water used in the process was undoubtedly a determinant of the viral concentrations detected in the different stages of lettuce production. These results reveal how neglect in basic sanitation impacts the vegetable production chain, emphasising that his region concentrates 50% of cultivated land of the whole state, with production destined mainly for supply to the metropolitan area of Rio de Janeiro (Marafon et al. 2005) . Previously, Abreu et al. (2010) have found that irrigation water and vegetable contamination with microorganisms is a reality in Brazilian agriculture and the contamination of fresh, ready-to-eat fruits and vegetables with pathogens is a significant issue. The prevalence of enteric viruses in water used for irrigation has been described previously (Fong and Lipp 2005; Cheong et al. 2009; López-Gálvez et al. 2016) , and RVA has been found in 14% of irrigation water samples and in 1.7% of raw vegetable samples in South Africa (van Zyl et al. 2006) .
In this study, it was not possible to associate viral detection with organic production. The lack of data available on the difference of viral transmission between food from organic and conventional farms and the hazard in both productions have been described previously (Lairon 2010; Smith-Spangler et al. 2012) .
The high RVA percentage in the environment corroborated previous findings in developing countries that revealed those viruses as important contaminants, even after the onset of the vaccine era in 2006 (Ruiz-Palacios et al. 2006; Miagostovich et al. 2008; Fumian et al. 2011; Vieira et al. 2012) . The RVA excretion rate (10 5 to 10 11 per g faeces), coupled with a lack of sanitation, Figure 2 . Average values of total coliforms, E. coli and any viruses studied. W1, seedling irrigation water; W2, catchment of spring water; W3, dam; W4, lettuce irrigation water; W5, lettuce wash water; MPN, most probable number per 100 mL.
can explain the high level of contamination detected in the State of Rio de Janeiro. Although the RVA percentage was higher than that of HAdV, it is important to note that the latter virus was detected in all points studied. In previous studies, HAdV has been described as a marker of human faecal contamination in water matrices since it is prevalent, stable in the environment, speciesspecific and has no seasonality (Bofill-Mas et al. 2006 Girones 2006) . HAdV infectivity can be demonstrated since those viruses replicate in different types of cell lines (Perron-Henry, Herrmann and Blacklow 1988; Witt and Bousquet 1988; SiqueiraSilva et al. 2009) . In this study, it was not possible to demonstrate infectivity of detected viruses, even using three different cell lines. It is important to emphasise that molecular methods detected nucleic acid from infectious or non-infectious particles and that there is a reduction in viral concentration when comparing data obtained by qPCR and cell cultures (Girones et al. 2010; Leifels et al. 2016) . In a study evaluating the contamination of fresh produce, Marti and Barardi (2016) did not detect infectious virus particles in lettuces, despite the detection in green onions. Using the same methodology, HAdV infectivity could be demonstrated for tap water (Miagostovich et al. 2014) . We found NoV GII in lower concentration in the environment, corroborating the findings of previous studies carried out in different environmental matrices in the State (Vieira et al. 2012) . Although NoV GI and GII are associated with food-borne outbreaks (Bitler et al. 2013; Huang et al. 2013; Torner et al. 2016) , in this study, we restricted our research to the GII, mainly due to its impact on epidemiological data obtained in Rio de Janeiro State (Victoria et al. 2007; Ferreira et al. 2010; Fioretti et al. 2011) . Previously, Brandão et al. (2014) have not detected NoV in three types of lettuce obtained in markets of Rio de Janeiro. In a study conducted in Accra, Ghana, assessing the use of wastewater in agriculture, none of the samples from farms and markets were found positive for norovirus GI and GII, while 9% (n = 57) of farm produce and 7% (n = 85) of market produce samples were positive for adenovirus (Antwi-Agyei et al. 2015) . In a different study, NoV could be detected in leafy greens obtained from markets in Canada, Belgium and France in 2009 and 2010 , with values of 28.8%, 33.3% and 50%, respectively (Baert et al. 2011) .
The detection of viruses in environmental samples presents some challenges, mainly regarding the representativeness of samples as well as the inhibition of molecular reactions by substances present in concentrated samples. In this study, bacteriophage PP7 was used as IPC in 25% of the water samples with recovery rate of 86.7%, revealing little inhibition of the methodology used, as previously described (Rajal et al. 2007) . In previous research, this bacteriophage was successfully used as IPC for water and lettuce matrices (Rajal et al. 2007; Fumian et al. 2010; Brandão et al. 2014) .
Our results point out the need to observe food safety in places where the lack of basic sanitation is remarkable. The impact of viral contamination in lettuce production should be considered since this knowledge can be the first step in implementing measures to provide safer food. Considering the difficulties of eliminating viral contamination from foods (Cook, Knight and Richards 2016) , our results reinforce the urgent need to implement basic sanitation in agricultural areas, avoiding contamination in the first stages of the production chain. In this production area, two different sources of water are used. Although the catchment of spring water in the second area has shown satisfactory physicochemical and microbiological qualities, both sources present viral contamination. The difficulty in establishing the origin of food contamination is well recognised, and viral contamination is often attributed to food handlers at the end of the production chain (Gil et al. 2015; Cook, Knight and Richards 2016) .
